Human hemoglobin (HbA) is an intricate system that has evolved to efficiently transport oxygen molecules (O 2 ) from lung to tissue. Its quaternary structure can fluctuate between two conformations, T (tense or deoxy) and R (relaxed or oxy), which have low and high affinity for O 2 , respectively. The binding of O 2 to the heme sites of HbA is regulated by protons and by inorganic anions. In order to investigate the role of the protonation states of protein residues in O 2 binding, large crystals of deoxy HbA ($20 mm 3 ) were grown in D 2 O under anaerobic conditions for neutron diffraction studies. A time-of-flight neutron data set was collected to 1.8 Å resolution on the Protein Crystallography Station (PCS) at the spallation source run by Los Alamos Neutron Science Center (LANSCE). The HbA tetramer (64.6 kDa; 574 residues excluding the four heme groups) occupies the largest asymmetric unit (space group P2 1 ) from which a highresolution neutron data set has been collected to date.
Introduction
Determining the various protonation states of a protein can be important for understanding the details of its biological function, since the protonation (or deprotonation) of a particular functional group may act as an initiator and/or a regulator of a chemical reaction. Although X-ray crystallography is a powerful method for determining the three-dimensional structure of proteins, it is less well suited to revealing protonation states because the X-ray atomic scattering factor of hydrogen (H) is much smaller than those of other atoms commonly found in macromolecules. In contrast, the neutron scattering lengths for H and its isotope deuterium (D) are comparable to those of non-H atoms. Neutron diffraction studies have already provided direct evidence for the protonation states of several proteins.
One of the main goals of neutron studies of the enzymes lysozyme (Mason et al., 1984) , trypsin inhibitor (Kossiakoff & Spencer, 1980) , endothiapepsin (Coates et al., 2001; Tuan et al., 2007) , aldose reductase (Blakeley et al., 2005) and dihydrofolate reductase (Bennett et al., 2006) was to reveal the protonation states of catalytically important aspartic or glutamic acid side chains in their active sites. In the case of myoglobin (Cheng & Schoenborn, 1990) , ribonuclease A (Borah et al., 1985) , amicyanin (Sukumar et al., 2005) , xylose isomerase (Katz et al., 2006) , insulin (Ishikawa et al., 2008) and trypsin inhibitor, the protonation states of histidine side chains, either at or distal to the active site, were of interest. In addition to determining the protonation states of amino-acid side chains, neutron studies have also been used to determine whether a functionally important solvent molecule is a water molecule or hydroxide ion, as in the case of both xylose isomerase and di-isopropyl fluorophosphatase (Blum et al., 2007) . We are using neutrons to study the protonation states of the human oxygen-carrier molecule hemoglobin A (HbA).
HbA is active as an 2 2 tetrameric hemoprotein containing Fe metal in the heme sites and arranged as a dimer of identical dimers connected noncovalently. The ability of HbA to form two quaternary structures T (tense) and R (relaxed) of the 2 2 tetramer allows the efficient transport of O 2 from lung to tissue. T and R states have low and high affinity for O 2 , respectively, and can interchange by conformational movement. Much of our knowledge of the control mechanisms of HbA is based on the X-ray crystal structures of deoxyhemoglobin (T state) and oxyhemoglobin (R state; Monod et al., 1965; Gelin et al., 1983; Park et al., 2006) . The binding of O 2 to HbA is further modulated by protons, chloride ions and inorganic phosphate, which preferentially stabilize the T state and facilitate the release of O 2 from HbA at the tissues (Imai, 1982; Perutz et al., 1998) . The and subunits of HbA include ten and nine His residues, respectively. Thus, the 2 2 tetramer contains a total of 38 His residues and we expect the protonation states of these His residues to have a direct bearing on the functional mechanism of this protein.
Some of the His residues in HbA are of particular interest. His58 and His87 sandwich the heme groups in a crevice of the subunits. His63 and His92 act likewise in the subunit. The proximal histidines (His87 and His92 ) bind directly to the Fe 2+ cation at the fifth coordination position in the heme group. The distal histidines (His58 and His63 ) are positioned near the sixth coordination position of iron on the opposite side of the heme plane, but are not bonded to the Fe 2+ cation. The sixth coordination position is used by the heme group as the oxygen-binding site.
In previous studies, we carried out a neutron crystallographic analysis of human deoxyhemoglobin using the 'monochromatic' neutron diffractometer BIX-3 in a neutron reactor at Japan Atomic Energy Agency (Chatake et al., 2007) . The protonation of histidines buried in the protein could clearly be observed in 2.1 Å neutron Fourier maps. His58 and His63 were doubly protonated at both N 1 and N "2 , although these residues are known to exist as the neutral N "2 -H tautomer in CO-bound hemoglobin. Our results suggested that these residues were plausible candidates to contribute to the tertiary Bohr effect of HbA in the oxygen-transport system. However, because of the low completeness of the diffraction data (<50% in the highest resolution shell, 2.18-2.10 Å ), we were unable to determine the protonation states of His residues at the surface of the protein.
The low completeness of the data set can be explained by a combination of factors. There is a large blind region around the rotation axis of BIX-3, which is a single-axis short cylindrical diffractometer equipped with a neutron imaging plate (40 cm internal diameter Â 45 cm height; Tanaka et al., 2002) . Usually, data in this blind region can be collected simply by either reorienting the capillary on the goniometer or the crystal within the capillary. However, in our particular case this was not possible because the crystal was mounted in a large airtight sealed capillary (to maintain anaerobic conditions). In addition, the crystal form used for data collection belonged to an unfavorable low-symmetry monoclinic space group (P2 1 ) that requires a large number of different crystal settings. Although an effort was made to increase the completeness by 120 d data collection at various crystal rotation settings, it was still impossible to collect a more complete data set.
We report here further neutron studies in which the Protein Crystallography Station (PCS) built at the spallation neutron source run by Los Alamos Neutron Scattering Center (LANSCE) at Los Alamos National Laboratory (LANL) was used to obtain a more complete and higher resolution data set from HbA. For this particular sample, the much larger cylindrical detector of the PCS in combination with a -circle goniometer provided more freedom to reorient the sample. In addition, the combination of a pulsed neutron source and time-of-flight wavelength-resolved Laue diffraction methods provided us with more extensive and rapid coverage of reciprocal space. The data presented here, which were collected on the PCS in a relatively short period of 18 d, are from the largest protein asymmetric unit ever studied using neutrons at a resolution beyond 2 Å .
Crystallization in D 2 O
HbA was prepared as described previously (Shibayama et al., 1991) .
Purified protein was diluted about tenfold with D 2 O and concentrated by ultrafiltration at 278 K using an Amicon ultrafiltration unit equipped with a YM-10 membrane (Millipore). This process of dilution and concentration was repeated until the amount of free H 2 O was less than 1%. Crystallization of deoxyhemoglobin was carried out according to the batch method of Perutz (1968) , with slight modifications, to give a D 2 O solution of 1.0%(w/v) deoxyhemoglobin containing 4.30 M ammonium ion, 1.94 M sulfate ion, 0.24 M phosphate ion and 5 mM sodium dithionite (pH 6.3; this was read straight from the pH meter without correction for the deuterium shift). Crystals grew to their maximum dimensions in three to four weeks.
Neutron data collection and reduction
Several candidate crystals were successfully mounted in quartz capillaries (Fig. 1) and mother liquor was placed in the narrow part of the capillary. The capillaries also contained a small amount ($100 mm 3 ) of Oxygen Absorbing System A-500HS (ISO, Yokohama, Japan) powder placed $20 mm above the crystal to maintain Crystal of human deoxyhemoglobin used for neutron diffraction data collection. The crystal had dimensions of about 4 Â 2.5 Â 2 mm ($20 mm 3 ) and was mounted in a bottle-shaped quartz capillary. The intervals on the ruler on the right-hand side of the photo measure 1 mm. the anaerobic conditions during the long neutron experiment. The crystals were transported personally to the PCS, with the sealed capillaries placed in a nylon plastic bag containing oxygen absorbers and oxygen-content indicators and sealed airtight. A 12 h test exposure was taken from the largest HbA crystal ($20mm 3 ), depicted in Fig. 1 , yielding diffraction to 1.8 Å resolution. The diffraction quality and the signal-to-noise ration were deemed to be suitable for full data-set collection. Time-of-flight wavelength-resolved Laue images were collected at room temperature on a Huber -circle goniometer at 36 usable settings, with approximately 12 h exposure times per diffraction image (Fig. 2) . The crystal-to-detector distance was 730 mm, corresponding to the cylindrical radius of the detector. The detector was kept at 2 = 0 during the entire experiment, effectively collecting data in the AE60 2 range. Because of the AE8 span of the detector in the vertical direction, the crystal was reoriented six times using the and ! goniometer circles and ' scans were performed at each crystal orientation. Each image was processed using a version of d*TREK (Pflugrath, 1999) modified for wavelength-resolved Laue neutron protein crystallography . The integrated reflections were wavelength-normalized using LAUENORM (Helliwell et al., 1989) and then merged using SCALA (Weiss, 2001) incorporated into CCP4i (Evans, 2006; Diederichs & Karplus, 1997; Weiss & Hilgenfeld, 1997; Collaborative Computational Project, Number 4, 1994) . The 'tails' of the wavelength range were cut off slightly, with the range restricted to 0.7-6.5 Å from the original 0.6- Neutron Laue diffraction pattern for the HbA crystal in three different crystal settings. In each crystal setting the three-dimensional diffraction data were projected in timeof-flight to produce a conventional two-dimensional Laue pattern. 6.5 Å wavelength distribution of the thermal neutrons, in order to remove the least accurately measured reflections. The overall completeness was 76% to 1.8 Å , with an R sym of $22% and a redundancy of 2.5. The multiplicity value was as expected for the lowsymmetry space group P2 1 (Table 1) . Refinement of the structure is in progress utilizing both SHELX (Sheldrick, 2008) and a version of CNS (Brü nger et al., 1998) modified for neutron refinement (nCNS; Mustyakimov & Langan, 2007) . A room-temperature X-ray diffraction data set is scheduled to be collected in order to enable us to perform joint X-ray/neutron refinement of the HbA structure using nCNS. Initial neutron density maps calculated after only rigid-body refinement show the clear features usually observed for neutron maps. The lysine ND 3 and protonated (deuterated) His N 1 are visible as very strong nuclear density. Negative nuclear density for H atoms is observed around aliphatic groups of the protein residues owing to the strong incoherent scattering of H atoms. Further structural features will be elucidated during the course of the refinement and reported elsewhere.
Discussion
Although the d-xylose isomerase tetramer (Katz et al., 2006) , with a molecular weight of 172 kDa, still represents the largest protein to be studied to high resolution (1.8 Å ) using neutron crystallography, the high symmetry of its I222 space group leads to an asymmetric unit volume of only $120 000 Å 3 (Blum et al., 2007) . HbA, with a molecular weight of 64.6 kDa but with a lower symmetry P2 1 space group, has an asymmetric unit volume of $145 000 Å 3 , the largest yet for a neutron study of a protein to high resolution (Table 2 ). This achievement is to a large extent the consequence of careful crystallization and crystal mounting, which provided crystals of exceptional size and diffraction quality that were stable in the deoxy form over several weeks of data collection.
The current neutron structure is of paramount importance for our understanding of how protons influence oxygen uptake and release by HbA. Furthermore, the success in obtaining and maintaining the deoxy form of HbA in the crystals at room temperature is a great achievement.
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